Abstract: Pseudomonas aeruginosa and Staphylococcus aureus are two major pathogens involved in a large variety of infections. Their co-occurrence in the same site of infection has been frequently reported and is linked to enhanced virulence and difficulty of treatment. Herein, the antimicrobial and antibiofilm activities of an intragenic antimicrobial peptide (IAP), named Hs02, which was uncovered from the human unconventional myosin 1H protein, were investigated against several P. aeruginosa and S. aureus strains, including multidrug-resistant (MDR) isolates. The antibiofilm activity was evaluated on single-and dual-species biofilms of P. aeruginosa and S. aureus. Moreover, the effect of peptide Hs02 on the membrane fluidity of the strains was assessed through Laurdan generalized polarization (GP). Minimum inhibitory concentration (MIC) values of peptide Hs02 ranged from 2 to 16 µg/mL against all strains and MDR isolates. Though Hs02 was not able to hamper biofilm formation by some strains at sub-MIC values, it clearly affected 24 h preformed biofilms, especially by reducing the viability of the bacterial cells within the single-and dual-species biofilms, as shown by confocal laser scanning microscopy (CLSM) and atomic force microscopy (AFM) images. Laurdan GP values showed that Hs02 induces membrane rigidification in both P. aeruginosa and S. aureus. Peptide Hs02 can potentially be a lead for further improvement as an antibiofilm agent.
Introduction
Most types of infections, especially chronic infections, are of polymicrobial origin; that is, two or more microorganisms are present and play a role themselves in the infection [1] [2] [3] . Within the polymicrobial context, various bacterial species communicate, cooperate, and compete with each other [4] . Polymicrobial infections consisting of two or more bacterial pathogens are common in wounds and in cystic fibrosis lung infections and usually are biofilm-associated, which can greatly hamper the efficacy of treatment and thus of healing [5] [6] [7] .
Staphylococcus aureus and Pseudomonas aeruginosa are two important bacterial pathogens that are known to have developed complex interactions in such chronic polymicrobial infections [4, [8] [9] [10] . Though an antagonistic relationship was initially considered to occur between these two species, 
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Peptide Hs02 Did Not Inhibit Biofilm Formation
No biofilm was formed by any of the isolates in the presence of the peptide at its MIC, as expected. Nonetheless, peptide Hs02 did not inhibit biofilm formation by the PA004, PA008, and Sa1 isolates in presence of subinhibitory concentrations, since the biofilm formed was similar or greater than the control biofilm (grown in the absence of peptide Hs02) ( Figure 1 ). For the isolate SA007, however, at the sub-MIC levels of 0.5× and 0.25× MIC, the biofilm formed was significantly reduced in comparison to the control. 
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Peptide Hs02 Hampered the Proliferation of 24 h Biofilms
Peptide Hs02 had a more marked effect on 24 h performed biofilms (either single-and dual- Figure 1 . Biomass quantification through the crystal violet assay of biofilms formed by two P. aeruginosa and two methicillin-resistant S. aureus (MRSA) isolates in presence of peptide Hs02. Biofilms were formed in the presence of different concentrations (ranging from the MIC to 0.25× MIC) of peptide Hs02. Two independent experiments were performed in triplicate. Error bars represent SD. Statistically significant differences in comparison to the control (p < 0.05) are marked with an asterisk (*). Abs: Absorbance.
Peptide Hs02 had a more marked effect on 24 h performed biofilms (either single-and dual-species), by decreasing their proliferation at concentrations of 8× MIC. The biofilm proliferation was recorded by measuring the optical density at 600 nm (OD 600 ) of the planktonic phase of the treated and nontreated biofilms after 24 h (Figure 2 ). The single-species biofilms of P. aeruginosa isolates PA002 and Pa3 were less affected by peptide Hs02 than those of S. aureus, which were clearly affected for all three strains-SA007, Sa3, and Sa1. Two out of the three dual-species biofilms (PA002+Sa3 and Pa3+Sa1) suffered an intermediate reduction when treated with the peptide. Effect of peptide Hs02 on the proliferation of 24-h preformed biofilms. The OD600 of planktonic phases of biofilms was measured and used to infer the biofilm proliferation. Pa4 and SA007 biofilms were treated with 8× MIC (32 μg/mL in both cases) of peptide Hs02; the dual-species biofilm of Pa4+SA007 was also treated with the same concentration. PA002 and Sa3 biofilms were treated with 8× MIC; that is, 128 μg/mL and 64 μg/mL, respectively, while the dual-species biofilm PA002+Sa3 was treated with 128 μg/mL. Pa3 and Sa1 biofilms were treated with 8× MIC; that is, 40 and 80 μg/mL, respectively, while the dual-species biofilm Pa3+Sa1 was treated with 80 μg/mL. Two independent experiments were performed in triplicate. Error bars represent SD. Statistically significant differences in comparison to the control are highlighted for p < 0.001 (***) or for 0.01 ≤ p < 0.05 (*). OD600: optical density at 600 nm.
Peptide Hs02-Treated Biofilms Presented Reduced Viability
By using confocal laser scanning microscopy (CLSM), it could be observed that the peptidetreated biofilms maintained overall structure in comparison to the respective nontreated ones; however, the viable cells within the treated biofilms were reduced to some extent in all cases ( Figure  3 ). As it is generally accepted that AMPs interact with the cytoplasmic membrane, causing membrane rupture that will eventually lead to cell lysis [29] , one could expect to see more red (nonviable) cells in the peptide Hs02-treated biofilms, as was indeed observed. The peptide effect was quite striking in the case of both P. aeruginosa biofilms assayed, Pa4 and PA002, where more than 90% of the cells within the biofilm were red. Effect of peptide Hs02 on the proliferation of 24-h preformed biofilms. The OD 600 of planktonic phases of biofilms was measured and used to infer the biofilm proliferation. Pa4 and SA007 biofilms were treated with 8× MIC (32 µg/mL in both cases) of peptide Hs02; the dual-species biofilm of Pa4+SA007 was also treated with the same concentration. PA002 and Sa3 biofilms were treated with 8× MIC; that is, 128 µg/mL and 64 µg/mL, respectively, while the dual-species biofilm PA002+Sa3 was treated with 128 µg/mL. Pa3 and Sa1 biofilms were treated with 8× MIC; that is, 40 and 80 µg/mL, respectively, while the dual-species biofilm Pa3+Sa1 was treated with 80 µg/mL. Two independent experiments were performed in triplicate. Error bars represent SD. Statistically significant differences in comparison to the control are highlighted for p < 0.001 (***) or for 0.01 ≤ p < 0.05 (*). OD 600 : optical density at 600 nm.
By using confocal laser scanning microscopy (CLSM), it could be observed that the peptide-treated biofilms maintained overall structure in comparison to the respective nontreated ones; however, the viable cells within the treated biofilms were reduced to some extent in all cases ( Figure 3 ). As it is generally accepted that AMPs interact with the cytoplasmic membrane, causing membrane rupture that will eventually lead to cell lysis [29] , one could expect to see more red (nonviable) cells in the peptide Hs02-treated biofilms, as was indeed observed. The peptide effect was quite striking in the case of both P. aeruginosa biofilms assayed, Pa4 and PA002, where more than 90% of the cells within the biofilm were red. The dual-species biofilm of PA002+Sa3 was also analyzed by atomic force microscopy (AFM) (Figure 4 ). As we can see, the peptide-treated biofilm presents some undamaged cells, but clearly The dual-species biofilm of PA002+Sa3 was also analyzed by atomic force microscopy (AFM) ( Figure 4 ). As we can see, the peptide-treated biofilm presents some undamaged cells, but clearly more damaged ones ("dead cells") in comparison to the nontreated biofilm. Again, we saw more damaged PA002 cells (in the form of empty membranes or "ghosts") than Sa3 cells, which in general looked quite intact in the AFM images. It is also worth noting that in the AFM images, the structure of the control biofilms seemed more compact compared to those treated with peptide Hs02. These results corroborate those obtained by the live/dead staining. 
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Peptide Hs02 Decreased Bacterial Membrane Fluidity
The effect of peptide Hs02 on bacterial cytoplasmic membrane fluidity was assessed after calculating the Laurdan generalized polarization (GP). Laurdan is a polarity-sensitive fluorescent probe used to detect changes in the general membrane fluidity; an inverse relationship exists between Laurdan GP values and the degree of cytoplasmic membrane lipid order (i.e., lower GP values equate to greater membrane fluidity) [30] [31] [32] .
As shown in Table 2 , peptide Hs02 induced an increase in Laurdan GP values, reflecting a shift towards rigidification. This is in accordance with data that others [33] have obtained regarding the lipopeptide antibiotic daptomycin, which is active against Gram-positive pathogens. Daptomycin is a last-resort antibiotic for the treatment of infections caused by multidrug-resistant Gram-positive pathogens, such as MRSA, and is one of the few peptide antibiotics that can be administered intravenously [34] . Accordingly, others [35, 36] have also reported that some AMPs can reduce the membrane fluidity of S. aureus. The antimicrobial hexapeptide MP196 and the cyclic β-sheet peptide gramicidin S also increased the Laurdan GP values in S. aureus and Bacillus subtilis, indicating that they also reduced the membrane fluidity [37] . 
As shown in Table 2 , peptide Hs02 induced an increase in Laurdan GP values, reflecting a shift towards rigidification. This is in accordance with data that others [33] have obtained regarding the lipopeptide antibiotic daptomycin, which is active against Gram-positive pathogens. Daptomycin is a last-resort antibiotic for the treatment of infections caused by multidrug-resistant Gram-positive pathogens, such as MRSA, and is one of the few peptide antibiotics that can be administered intravenously [34] . Accordingly, others [35, 36] have also reported that some AMPs can reduce the membrane fluidity of S. aureus. The antimicrobial hexapeptide MP196 and the cyclic β-sheet peptide gramicidin S also increased the Laurdan GP values in S. aureus and Bacillus subtilis, indicating that they also reduced the membrane fluidity [37] . The increase in Laurdan GP values was more marked in P. aeruginosa strains than in those of S. aureus. Moreover, as we can observe, membrane fluidity seems to be more variable among S. aureus strains than among P. aeruginosa strains. In the control condition, the Laurdan GP value for S. aureus ATCC 25923 was significantly lower than that obtained for the MRSA strains, Sa1 and Sa3, which was in accordance with previous reports [30] .
Materials and Methods
Hs02 Peptide
The peptide Hs02, primary structure KWAVRIIRKFIKGFIS-NH 2 , derived from the protein NP_001094891.3, was chemically synthesized using the Fmoc/t-butyl strategy [38] as described elsewhere [27] . For further details of the peptide purification and mass spectrometric analysis to confirm purity and primary structure, please refer to the literature [27] .
Bacterial Strains and Growth Conditions
A range of susceptible and resistant strains were used in this study. Susceptible strains included Pseudomonas aeruginosa ATCC 27853, P. aeruginosa PAO1, Escherichia coli ATCC 25922, Staphylococcus aureus ATCC 25923, and Enterococcus faecalis ATCC 29212, as well as food isolates of E. coli (TBX1/1 and TBX2/3) and clinical isolates of P. aeruginosa (PA007 and PA008). Multidrug-resistant (MDR) clinical isolates of P. aeruginosa (Pa3, Pa4, PA002, PA004, and PA006) and of S. aureus (Sa1, Sa3, and SA007) were also used in this study. The antimicrobial resistance profile of all multidrug-resistant isolates is shown in Table A1 (see Appendix A). These bacteria were grown on Mueller-Hinton agar (MH; Liofilchem s.r.l., Roseto degli Abruzzi (Te), Italy) from stock cultures. MH plates were incubated at 37 • C for 20 h and then used to prepare fresh cultures for each experimental in vitro assay.
MIC and MBC Determination
The minimum inhibitory concentration (MIC) values of peptide Hs02 against the above-mentioned strains were determined by the broth microdilution method using cation-adjusted Mueller-Hinton broth (CAMHB; Sigma-Aldrich, Saint Louis, USA), and following the Clinical and Laboratory Standards Institute (CLSI) guidelines [39] . The minimum bactericidal concentration (MBC) was determined as reported by Bessa et al. [40] .
Biofilm Formation Inhibition Assay
The effect of peptide Hs02 at concentrations equal to the MIC, 0.5× MIC, and 0.25× MIC on biofilm formation by isolates Sa1, SA007, PA004, and PA008 was assessed using the crystal violet assay as described previously [40] . Biofilms were formed in 96-well microtiter plates using tryptic soy broth (TSB; Liofilchem s.r.l., Roseto degli Abruzzi, Italy) and a starting inoculum of 1 × 10 6 colony-forming units (CFU)/mL.
Performed Biofilm Treatment Assay
The effect of peptide Hs02 on 24-h established single-species biofilms of P. aeruginosa (Pa4-SA2, PA002, and PA004) and S. aureus (Sa1, Sa3, and SA007) and on 24-h dual-species biofilms (P. aeruginosa and S. aureus) was investigated. The dual-species combinations studied were: Pa3+Sa1, Pa4+SA007, and PA002+Sa3. Prior to choosing these combinations, a few other combinations were previously studied; nevertheless, in some of those mixed-culture biofilms grown for 24 h without treatment, P. aeruginosa clearly outgrew S. aureus, and therefore, such combinations were not selected.
Briefly, biofilms were allowed to form for 24 h in 96-well microtiter plates, and then the planktonic phases were gently removed and the wells were rinsed and filled with concentrations of peptide Hs02 equal to 8× MIC. The OD 600 was measured at time 0 h (just after the treatment with peptide Hs02) and time 24 h, after incubation for 24 h at 37 • C. Lower OD 600 in the treated biofilms correlates to a reduction in the biofilm proliferation.
Visualization of Biofilms by CLSM
Single-and dual-species biofilms (Pa4 and SA007, PA002 and Sa3) grown for 24 h were formed on µ-Dishes 35 mm high, with ibidi polymer coverslips (ibidi GmbH, Germany), from a starting inoculum of 1 × 10 6 CFU/mL in TSB. After 24 h, biofilms were rinsed with phosphate-buffered saline (PBS) and treated with a concentration of peptide Hs02 (8× MIC) for another 24 h. Control biofilms were formed in the same way but not treated with peptide. All biofilms were then rinsed and stained using the live/dead staining BacLight bacterial viability kit (Molecular Probes, Thermo Fisher Scientific, USA). Biofilms were examined by a laser scanning confocal system Leica TCS SP5 II (Leica Microsystems, Germany), equipped with (i) an inverted microscope, Leica DMI6000-CS, using a HC PL APO CS 63× /1.30 glycerin 21 • C objective and the lasers diode 405 nm and DPSS561 561 nm, and (ii) the LAS AF software. Two to three independent experiments were performed for CLSM visualization.
Visualization of Biofilms by AFM
The dual-species biofilm of PA002+Sa3 was grown for 24 h on Thermanox circular (15 mm diameter) plastic coverslips (Thermo Scientific, NY, USA) placed in 35 mm diameter polystyrene plates. After 24 h, biofilms were rinsed with PBS and treated with 128 µg/mL of peptide Hs02 and incubated for a further 24 h at 37 • C. The respective control biofilm was formed in the same way but in the absence of the peptide. All biofilms were rinsed three times with 1 mM of phosphate buffer and air-dried before AFM imaging. Samples were scanned with a TT-AFM from AFMWorkshop in air in vibrating mode. A 50 µm scanner and 300 kHz silicon cantilevers (ACT, AppNano) were used. Images were processed using Gwyddion 2.47 software. Two independent experiments were performed for AFM visualization.
Membrane Fluidity Assessment by Laurdan Generalized Polarization (GP)
The membrane fluidity of P. aeruginosa (ATCC 27852, PA002, and PA004) and S. aureus (ATCC 25923, Sa1, and Sa3) strains in the presence and absence of peptide Hs02 was determined by assessing the Laurdan generalized polarization (GP) as previously described [30, 31] with some modifications. Briefly, fresh colonies were used to inoculate nutrient broth (NB; Liofilchem s.r.l., Roseto degli Abruzzi, Italy) to obtain cell suspensions with an OD 600 of 0.4. Several aliquots of 1.5 mL of these bacterial suspensions were taken and centrifuged (9000 rpm, 8 min). For each strain, the bacterial pellets obtained were then resuspended in 1.5 mL of NB (in duplicate, to serve as controls; one to be unlabeled and the other labeled with Laurdan) and NB containing 0.5× MIC, MIC, or 2× MIC of peptide Hs02. These new bacterial suspensions were incubated at 37 • C for 3 h. Afterwards, they were centrifuged (9000 rpm, 8 min) and cells were washed twice in 15 mM Tris-HCl buffer (pH 7.4) and finally resuspended in 10 µM of Laurdan (from a 2 mM stock solution in dimethylformamide). Each suspension was incubated in the dark at 37 • C with shaking (500 rpm) for 1.5 h. Aliquots of 1 mL were transferred to a 1 cm quartz cuvette, and Laurdan emission spectra were obtained in a Varian Cary Eclipse fluorescence spectrofluorometer (Agilent Technologies, Santa Clara, California, USA) at an excitation wavelength of 350 nm using emission wavelengths from 410 to 550 nm. The temperature was set at 37.0 ± 0.1 • C. The excitation GP was calculated using the following equation: GP = (I 440 − I 490 )/(I 440 + I 490 )
where I 440 and I 490 are fluorescence intensities at 440 and 490 nm, respectively.
Statistical Analysis
The assay to assess the membrane fluidity by Laurdan generalized polarization was performed in three independent experiments, with the results being expressed as mean values ± standard deviation.
The biofilm formation and the preformed biofilm treatment assays were carried out in two independent experiments, with each experiment being performed in triplicate.
The results regarding the biofilm formation were expressed as mean values ± standard deviation. The statistical significance of differences between controls and experimental groups was evaluated using the Student's t-test. P-values of < 0.05 were considered statistically significant.
Conclusions
By taking together the results from the MIC and MBC values and the live/dead staining, we can attribute a bactericidal action to the peptide Hs02, likely due to a direct effect on the bacterial cells by disrupting the cytoplasmic membrane. Moreover, the ability of the peptide to decrease the membrane fluidity of both P. aeruginosa and S. aureus strains also suggests a membrane-targeting antibacterial mechanism.
Peptide Hs02 hampered the proliferation and decreased the viability of single-and dual-species biofilms of two major pathogens, P. aeruginosa and S. aureus, confirming its potential as a lead for development towards an antibiofilm agent in complex cases involving polymicrobial biofilms. 
Acknowledgments:
The authors wish to express their gratitude to Laboratório de Espectrometria de Massa-Embrapa Recursos Genéticos e Biotecnologia for the access to the mass spectrometry facilities.
Conflicts of Interest:
The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results. 
Abbreviations
